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ABSTRACT 


The  mechanism  governing  the  onset  of  laser-produced  damage  in 
solids  W2s  found  to  depend,  in  s  critical  way,  on  the  spatial  and/or 
temporal  gradient  of  the  interaction  strength  across  the  focal  volume. 

As  a  result,  the  threshold  values  of  damage  produced  by  a  multimode 
laser  as  well  as  the  internal  damage  patterns  depend  strongly  on  the 
laser  propagation  and  polarization  directions. 

In  the  forward  scattering  experiment,  the  cumulative  effects  of 
microscopic  damage  were  observed  in  crystalline  quartz.  Other  experiments 
designed  to  detect  cumulative  effects  were  inconclusive.  Various  light 
scattering  spectroscopy  as  a  diagnostic  tool  for  laser-produced  damage 
studies  were  investigated. 
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I .  INTRODUCTION 


The  primary  objective  of  this  research  project  has  been  to  make 
an  experimental  and  theoretical  investigation  cf  the  criteria  governing 
the  onset  of  laser-produced  damage  in  transparent  solids.  This  research 
was  concerned  with  the  microscopic  damage  produced  within  the  interior  of 
the  solid.  Surface  laaage  or  internal  macroscopic  damage  were  not  of 
primary  concern  for  this  program.  The  main  tasks  were  as  follows:  to 
develop  a  diagnostic  tool  for  studying  microscopic  damage,  to  determine 
the  damage  mechanism,  and  to  establish  the  relationship  of  microscopic 
damage  to  macroscopic  damage. 

Under  certain  conditions  an  intense  laser  pulse  transmitted  through 
a  transparent  solid,  such  as  a  window  or  a  lens,  will  produce  damage 
Internal  to  the  solid.  Within  the  laser  rod  itself,  the  laser  pulse 
often  produces  damage  leading  to  self-destruction  of  the  rod.  The  damaged 
region  appears  as  a  "bubble"  or  a  crack  within  the  solid  and  this  type  of 
damage  is  generally  called  macroscopic  or  catastrophic  damage.  Laser- 
produced  macroscopic  damage  has  been  observed  in  many  laboratories  using 
high-power  laser  systems.  It  is  the  catastrophic  damage  threshold  value 
that  often  sets  the  design  parameters  of  ?.  laser  system.  Microscopic 
or  pre-catastrophic  damage  is  a  local  defect  that  alters  the  optical 
properties  of  the  laser  rod.  This  defect  might  be  reversible  or  exist  only 
during  the  lifetime  of  the  laser  pulse,  for  example,  thermally  induced 
refractive  index  change. 

The  defect  may  also  be  permanent  and  may  accumulate  or  increase  in 
size  with  successive  laser  pulses.  A  laser  induced  color  center  sight  be 
an  example  of  this  latter  type  defect.  An  isHjrtant  question  is  whether 
this  microscopic  damage  will  continue  te  grow  with  successive  laser  pulses 
until  macroscopic  damage  is  produced.  Both  the  permanent-  and  cmmjlative- 
typo  microscopic  damage  are  of  concern  for  this  research  program. 

During  the  past  five  years,  several  laboratories  have  given  special 
attention  to  the  macroscopic-damage  problem;  few  have  investigated  micro¬ 
scopic  damage.  Because  of  the  importance  and  the  growing  interest  in  the 
problem.  In  I7b9  the  American  Society  for  Testing  and  Materials  initiated 
annual  symposia  on  lase.'-produced  damage.  Based  on  thz  reports  and 


discussions  presented  at  the  symposia,  it  is  evident  that  progress  has 
been  made  but  the  damage  mechanism  remains  unknown  and  is  probably 
dependent  on  the  material  and  conditions  of  the  experiment.  No  coiwionly 
accepted  picture  of  the  damage  mechanism  has  eaerged.  The  results  of  this 
present  research  program  have  been  reported*  *  at  each  of  the  syaposia 
and  represent  the  only  investigation  of  microscopic  damage. 

Given  in  Section  II  are  the  results  of  several  experiments  used  to 

evaluate  light-scattering  spectroscopy  as  an  effective  diagnes  :ic 

tool  for  investigating  microscopic  damage.  Rattan  and  Raleigh  scattering 

by  microscopically  damaged  quartz  crystals  were  investigated.  Stress 

4 

induced  defects  in  crystalline  quartz  was  successfully  studied  using 
Raman  scattering.  The  Raman  and  fluorescence  spectra  wire  measured  for 
ruby  crystals  having  different  chromium  concentrations.  The  defects  here 
are  the  chromium  atoms  in  the  sapphire  (Kl^Oy  lattice.  Primary  tesults 
showed  only  limited  success  for  ruby  and,  therefore,  these  experiments  were 
terminated.  Changes  in  the  Raman  linewidth  were  measured  for  laaer^induced 
microscopic  damage  in  crystalline  quartz. 

In  Section  III  the  results  are  given  of  eiq>eriments  measuring  the 
effects  of  laser-mode  structure  on  the  threshold  value  and  pattern  of 
macroscopic  damage  in  crystalline  quartz.  Directional  and  polarization 
dependence  relative  to  crystallographic  axes  were  experimentally  established 
for  both  the  damage  threshold  value  and  the  damage  pattern.  The  observed 
dependences  can  be  quantitatively  explained  in  terms  of  electrostrietive 
interactions  and  acoustic  wave  propagation. 

Experiments  designed  to  measure  the  cumulative  effects  and  the 
evolution  of  microscopic  into  macroscopic  damage  are  described  In  Section  IV. 
Measurements  were  conducted  in  fused  quartz,  laser  glass,  as  well  as 
crystalline  quartz,  using  a  TEM^  ruby  laser  and  a  multimode  ruby  laser. 
Different  results  were  obtained  for  the  two  laser  systems.  The  results 
are  summarized  and  a  discussion  is  given  in  the  final  section. 

II,  LIGHT  SCATT31ING  AS  A  DIAQiOSTXC  TOOL 

The  principal  diagnostic  tool  used  to  study  microscopic  damage  in 
solids  has  been  light  scattering  spectroscopy.  This  method  was  suggested 


by  the  following  arguments.  A  distortion  within  a  crystal  disturbs  the 
local  lattice  pe' ,or.icity  and,  in  general,  will  produce  a  change  in  the 
electronic  poi?r .ability  cf  the  solid.  When  this  happens,  the  light 
scattering  properties  of  the  solid  will  be  altered.  «.;ten  the  distortion 
is  due  to  defects,  either  natural  or  Induced,  the  Rayleigh  scattering  may 
be  enhanced,  A  distortion  due  to  induced  strain  in  the  solid  would  alter 
the  vibrational  properties  of  'he  crystal  and  produce  an  appreciable  change 
in  th*  lin»  pcsitior  and  linevidth  of  the  Raman  spectrum.  In  the  case  of 
iasc~  cry,, f^l  such  as  ruby.  Induced  defects  or  strain  may  alter  the 
it s.  i  •  of  t!  -  active  ion  (Cr  i~  the  case  of  ruby)  affecting 

>e  f lucre  i  '?  radiation  fr't  the  crystal. 

2.x  Stress-induced  Raman  Spectra 

To  assess  the  feasibility  of  Raman  scattering  spectroscopy  to  detect 

local  stre&a  or  strain  that  might  be  induced  by  a  giant  laser  pulse,  the 

following  experiment  was  conducted.  A  sample  of  crystalline  quartz  was 

subjected  to  an  uniaxial  stress  and  the  changes  of  the  line  position, 

linewldth,  and  line  intensity  for  some  of  the  strong  Raaan-active  vibrations 
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were  measured  for  applied  pressures  up  to  about  3  k-bars.  ’  These 
pressures  are  of  the  same  order  of  magnitude  as  those  expected  from  ".he 
giant  laser  pulse.  The  dependence  of  the  changes  in  line  position  and 
linewldth  for  several  lines  are  shown  in  Figure  1.  The  measured  changes  in 
line  position  were  in  good  agreement  with  the  values  calculated  from  the 
valence-force  nodel^  that  had  bees  modified  to  include  the  effects  of 
the  anharoonic  potential  and  applied  stress.  The  results  of  these  experinen 

4  6 

were  published  elsewhere.  ’ 

Shown  i.  Figure  2  are  the  raw  data  of  thfc  128  cs  *  E  vibration  in 
quartz  as  a  function  of  applied  stress.  Frc*  the  figure  the  change  in 
line  position  with  stress  is  easily  seen,  but  any  change  in  linewldth  Is 
cot  discernible  from  these  dot*.  because  the  linewldth  is  comparable  to  the 
rpectro^ct^r  resolution.  The  stress  induced  changes  in  the  linewldth  are 
observed  after  the  line  broadening  effects  of  the  spectrometer  have  been 
subtr.^ ted  from  the  raw  data.  A  computer  program  was  developed*  for 
per forming  this  deconvolution.  The  significance  of  this  stress-induced 
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experiment  was  that  changes  in  the  Raman  spectrum  could  be  used  for  detecting 
locally  induced  stress.  The  experimental  arrangement  and  details  of 
the  measurements  were  published  elsewhere. 

2 . 2  Raman-Fluorescence  Spectrum 

Measurements  were  made  of  the  !!e *Ne  excited  Raman-f luorescence 
spectrum  of  several  ruby  samples  having  different  chromium  concentrations. 

The  purpose  of  this  experiment  was  to  determine  the  effect  of  the  ionic 
additive  on  the  Raman  and  fluorescence  linewidths.  Considering  the  Cr- 
ions  as  defects  within  the  AljO^  lattice,  we  were  determining  the  feasibility 
of  using  Raman-f luorescence  spectroscopy  to  detect  changes  in  defect 
concentration.  Furthermore,  laser  induced  microscopic  damage  in  ruby  has 

g 

been  detected  as  a  change  in  the  state  of  the  Cr-ions.  This  change  should 
be  observed  by  a  change  In  the  fluorescence  spectrum. 

Shown  in  Figure  3  is  an  example  of  the  Raoan-f luorescence  spectrum 
for  a  0.05*  ruby  sample  at  77°K.  The  notation  (o.o)  indicates  that  the 
excitation  and  scattered  radiation  were  both  polarized  perpendicular  to  the 
plane  defined  by  the  optic  axis  of  the  crystal.  From  this  and  the  spectra 
for  the  other  orientations,  the  main  features  are  the  two  strong  lines 

-i  -1 

at  14,199.4  cm  “  and  14,263.8  cm  corresponding  to  the  N,  and  N_,  no- 

9  10  —1  *’  ^  -i 

phonon,  lines  '  and  the  ruby  P.-lines  at  14,419.0  cm  *  and  14,488.0  cm 

In  addition,  there  is  evidence  of  40  partially  resolved  lines  on  the  low 

frequency  side  of  the  R  lines.  Most  of  these  partially  resolved  lines 

have  an  associated  line  shifted  29  cm  *,  the  same  as  the  R-lines 

separation. 

The  measurements  of  the  Raman-f luorescence  spectrum  of  ruby  were 
discontinued  because  of  the  lack  of  a  liquid-helium  temperature  dewar. 

At  room  and  liquid  nitrogen  temperatures  the  Raman-f luorescence  spectra 
of  ruby  is  very  complex  having  relatively  broad  lines.  At  liquid  heiiur. 
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temperatures  these  lines  should  become  sharp,  permitting  linewidth  and 
lineshape  analyses  and  the  possible  detection  of  changes  In  defect 
concentration. 


2.5  Microscopic  Damage  in  Ouartz 


The  first  evidence  of  laser-produced  microscopic  damage  in  crystalline 
quartz  was  the  measured  change  in  linevidth  of  the  128  em_*  E-mode  Raman 
line.'*  Macroscopic  or  catastrophic  damage  was  produced  in  a  quartz  sample 
by  a  giant -pulsed  ruby  laser.  The  damage  consisted  of  widely  spaced 
hubbies  with  no  evidence  of  damage  between  the  bubbles  when  the  sample 
was  examined  with  side  lighting.  The  Raman  spectrum  was  measured  in  this 
region.  1c  was  found  that,  the  128  cm  '  E-tnode  linevidth  was  about  20X 
broader  than  for  an  undamaged  region  Care  was  taken  to  mask  of;  any 
light  scattered  from  the  bubble  regions.  This  change  in  iinewidth  was 
interpreted  to  be  evidence  of  microscopic  damage  and  additional  measurements 
were  performed. 

Two  giant-pulsed  lasers  having  different  output  characteristics  were 

•aged  for  producing  the  damage.  One  laser  was  constructed  such  that  the 

output  was  a  single  longitudinal  mode  and  the  lowest  order  transverse 

mode,  TEH  .  The  output  profile  was  verified  to  be  TEH  by  detailed 
oc  j 2  oo 

probing  cf  the  laser  near-  and  far-field  patterns.  The  output  of  the 
second  laser  was  a  single  longitudinal  mode  but  with  several  transverse 
modes.  As  a  result  several  transverse  modes  could  oscillate  simultaneously 
during  a  laser  pulse  giving  an  irregular  multimode  beam  profile.  The  micro¬ 
scopic  damage  produced  by  these  two  lasers  was  not  the  same  and  using  tbe 
Raman  spectrum  as  a  microscopic  probe,  the  following  differences  were 
observed:  (1)  For  microscopic  damage  produced  by  the  multi-mode  laser, 

two  "local  modes"  at  about  550  cm  *  and  5d0  cm  were  observed,  '  Fig.  i. 
Considerable  effort  was  made  to  establish  the  origin  of  these  twe  modes 
with  the  conclusion  that  they  were  assoc ia tec  with  damage.  Aisc,  a  peak  at 
189  cm  ‘  was  o-iglnallv  thought  to  be  a  local  mode  was  later  found  to  be 
a  neon  line.  To  establish  the  origin  of  these  local  modes,  it  was  necessary 
to  make  several  modifications  to  the  Raman  spectrometer  system.  The  most 
important  modification  was  the  substitution  of  a  Double  Czemy-Turner  mono¬ 
chromator  for  a  Littrow-ocunt  instrument.  (2)  These  new  local  modes  at 
550  cm  *  and  380  cm  *  were  not  observed  for  samples  microscopically  damaged 

by  the  TEM  laser.  These  new  modes  could  be  produced  only  with  the  ouxti- 

00  -1  -1 
code  laser.  (3)  Careful  measurement  of  the  20?  cm  *  and  the  466  cm  vibrations 

showed  that  within  experimental  error  the  line  position  and  the  linevidth 


P'PpiPlPJIt  |p  m  ;W'i  Vh  ii,l!  \  "  * »  »’iiw|[  si||i|ij»||  ty  |['mmi:i.l,!f>.[ nnbPinTOF«iiprnM 


-9- 


for  both  lines  were  independent  of  the  number  of  laser  pulses  incident  to 
the  sample.  The  double  monochromator  was  necessary  for  reaching  this 
conclusion.  Since  the  Raman  spectrum  was  measured  typically  30-60 
minutes  following  the  lasei  pulse,  it  was  concluded  that  if  a  memory  of 
microscopic  damage  exists  in  crystalline  quartz,  it  is  very  small  or  it 
decays  rapidly,  perhaps  in  a  time  comparable  to  the  laser  pulse  decay 
time.  To  test  this  rapid  decay  theory,  the  evolution  experiment  described 
in  Section  IV  was  performed. 


III.  LASER-MODE  STRUCTURE  EFFECTS 

Measurements  were  made  of  the  macroscopic  damage  properties  of 
crystalline  quartz  for  laser  pulses  having  different  mode  structures.  For 
a  multimode  laser  pulse  the  catastrophic  damage  threshold  value  was  found 
to  depend  on  both  the  propagation  and  polarization  directions  of  the 
incident  radiation.  The  threshold  value  for  uawage  produced  by  the  TEMco 
laser  was  independent  of  direction.  In  addition  to  the  different  threshold 
values,  the  damage  patterns  were  dependent  on  the  direction  of  propagation. 

The  effects  of  the  laser-mode  structure  on  the  macroscopic  damage 
were  measured  for  crystalline  quartz  using  the  TEM^  laser  and  the  multi¬ 
mode  laser.  Show,  in  Fig.  5  are  isodensity  contour  plots  of  the  energy 
distribution  in  the  output  beams  of  these  two  lasers.  These  contour  plots 
were  made  by  photographing  the  beans  in  tne  focal  plane  of  the  damage  lens 
(f 1 *30  mm)  using  fine  grain  Kodak  type  649-0  film.  Shown  in  Fig.  5a  are 
the  smooth  and  approximately  Gaussian  distribution  of  the  isodensity  contour 
lines  that  are  typical  for  the  TQi  laser.  The  Fresnel  number  for  this 
laser  is  about  0.67  so  that  the  normalized  spatial  and  temporal  Intensity 

distributions  remain  about  the  same  during  the  pulse  lifetime  for  this 
12 

TEM  laser.  This  being  the  case,  the  time  integrated  bean  diameter  at 
oo  * 

the  1/e  intensity  points  of  Fig.  5a  was  taken  as  the  beam  diameter  for 
our  experiments  and  corresponds  to  50u.  The  full  width  at  half  maximum 
(FWHM)  pulse  width  is  8  nsec  for  the  TEM^  laser  pulse.  The  time  integrated 
profile  of  the  multimode  laser,  Ofi' ,  shown  in  Fig.  5b,  has  a  diameter 
of  about  275u.  From  the  irregular  contour  lines  it  can  b*  seen  that  the 
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Isodensity  contour  plots  of  tnc  energy  distribution  in  the  output 
bsass  of  the  two  laseis. 


energy  was  nonuniformly  distributed  across  the  beam  profile.  These 

region* ,  sometimes  called  "hot  spots,"  vary  in  space  and  time  from  pulse 
12 

to  pulse.  The  space  integrated  FWHM  pulse  width  was  typically  20  nsec 

for  the  multimode  laser.  The  Fresnel  number  for  the  multimode  laser  was 

about  93.  The  irregular  spatial  and  temporal  behavior  for  the  MM  laser 

output  ma- es  the  analysis  of  data  taken  with  this  laser  more  complex  than 

the  analvsis  of  data  taken  from  the  TEM  laser. 

'  oo 

The  experimental  procedure  was  to  focus  the  beam  of  either  laser 

into  a  quartz  sample  that  had  been  crystallographicaliy  oriented  relative 

to  the  laser  propagation  and  polarization  directions.  The  focusing  lens 

was  the  same  one  as  used  to  produce  Fig.  5.  The  peak  power  of  the  laser 

for  each  pulse  was  measured  using  a  calibrated  ITT  FW114  biplanar  diode 

and  a  Tektronix  519  oscilloscope.  The  absence  or  presence  of  internal 

damage  within  the  sample  was  determined  by  viewing  with  the  unaided  eye, 

using  side  lighting  from  a  low  power  He-Ne  laser.  A  visible  spark  inside 

the  crystal  was  noted  whenever  internal  damage  vas  produced.  Following 

each  pulse  the  sample  was  translated  such  that  an  undamaged  sample  volume 

was  in  position  for  each  laser  pulse.  The  pe.*k  power  density  threshold 

values  for  the  MM  and  TEM  lasers  are  shewn  in  Table  I  for  different 

oo 

directions  of  l3ser  propagation  and  polarization.  The  notation,  P(xy), 
indicates  that  the  laser  was  propagating  along  the  x-crystallographic 
direction  and  was  polarized  parallel  to  the  y-crystallographic  direction. 
The  damage  threshold  values  shown  in  Table  I  indicate  a  propagation  and 
polarization  directional  dependence  for  the  MM  laser.  The  threshold  values 
for  the  TEX  laser  were  independent  of  propagation  and  polarization. 

OO 

The  damage  thrssnoid  values  of  Table  I  were  estimated  as  follows: 

For  a  given  propagation  and  polarization  direction,  the  peak  power  density 
for  each  pulce  was  recorded  as  to  whether  damage  was  produced  or  not. 

■'i 

The  +5GW/c®  values  correspond  to  the  damage  power  density  above  which 

2 

802  of  the  laser  pulses  produced  dcaage.  Below  the  -5G*//cm  values,  802 
of  the  laser  pulses  did  not  produce  damage.  The  damage  threshold  peak 
power  density  is  the  median  of  these  two  values.  The  i5GW/cm^  deviation 
in  Table  I  was  recorded  directly  for  each  set  of  aeasur^ents  and  is  not 
the  result  of  a  weighted  statistical  analysis.  For  the  z-propag3t ion 
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Table  1.  Internal  damage  threshold  values  in  quartz  for  the  multimode 
and  TEH^  lasers.  P(xy)  indicates  the  peak  power  density  tor 
a  laser  pulse  incident  in  che  x-crystallographic  direction  and 
polarized  along  the  y-direction. 

Multimode  Laser 

P(xy)  =■  34  t  5  GW/cm2 

P(xz)  =  130  t  5  GW/cm 2 
P(yx)  *  63  ♦  5  GW/cm2 

F(yz)  *  47  r  5  GW/cm2 

P(tx)  «  80  t  5  GW/ca2 

P(zy)  =  80  *  5  GW/cm2 

TEM  Laser 
oo 

P(ij)  *  28  ±  5  GW/cm2 
i,j  *  x,  y,  z 


direction,  about  75  data  points  were  used.  About  30  data  points  were 
used  for  the  x-  and  y-propagation  direction  measurements.  A  proper 
statistical  analysis  would  assign  a  smaller  variance  to  the  threshold 
valu'-  for  the  z-propagated  dauage  than  for  the  x-  or  y-di rections .  It 

should  be  noted  that  the  threshold  value  tor  the  TEH  laser,  P(ij)  * 

2  °°  14 

28  +  oGV’/.m  ,  falls  within  the  range  of  values  quoted  by  Olness 

■y 

( 1 3-30G*7cm  j  tor  damage  produced  by  a  "single  spatial  mode"  ruby  laser. 

The  damage  threshold  peakpewer  density  values  were  computed  using 

the  measured  laser  peak  power  and  the  time-integrated  beam  diameter  of 

Fig.  5.  For  the  TEM  laser,  the  time  integrated  beam  diameter  is  approximately 

oo  J2 

the  same  as  the  instantaneous  values,  and  the  space  integrated  pulse 

duration  is  approximately  the  same  as  the  local  values.  Therefore,  the 

value  listed  in  Table  I  for  the  TEM  laser  Is  an  accurate  representation 

oo 

of  the  threshold.  For  the  MM  laser,  however,  the  pulse  is  irregular  in 
time  and  space  such  that  the  values  given  in  Table  I  for  the  MM  laser  can 
only  be  considered  as  relative  and  should  not  be  compared  with  the  TEM 

oo 

threshold  values.  However,  the  relative  values  of  the  KM  laser  data  are 
accurate  bscauoe  of  the  "80%  points"  method  of  recording. 

N’o  evidence  of  self-trapping  tracks  was  observed  for  any  of  the  damage 
regions  produced  by  either  laser  in  these  experiments  in  quartz.  Under 
other  conditions,  the  critical  power*"*  required  for  catastrophic  self- 
focusing  may  be  achieved  and  we  could  produce  self-trapped  tracks  in 
crystalline  quartz.  If  possible,  self-trapping  which  complicates 
and  sometimes  confuses  the  picture  of  laser  damage*^  should  be  avoided 
so  that  the  basic  mechanisms  of  laser  damage  may  be  studied  and  compared. 

Given  in  Table  II  are  the  ratios  of  the  propagation  velocities  of 


clastic  waves  (acoustic  phonons)  in  crystalline  quartz.  v(zx)  is  the 
v, locity  of  a  wave  propagating  in  the  z-directlon  and  polarized  along 
the  x-direction.  The  velocities  were  calculated  in  the  usual  manner1 
using  published  elastic  c.-nstanc  data  for  quartz.  Also  listed  are  ratios 
of  the  KM  d^age  threshold  peak  power  densities  of  Table  l.  One  can  see 
a  strong  dependence  ef  rhe  ratios  of  the  MM  laser  damage  threshold  values 
or,  the  acoustic  phonon  propagation  in  quartz. 


The  following  phenomenological  model  has  been  developed  to  explain 
the  damage  mechanism  in  quartz  for  the  two  lasers.  Radiation  incident  on 


Table  II.  Ratios  of  the  acoustic  wave  propagation  velocities  and 
multimode  laser  damage  values  In  quartz.  v(zx)  is  the 
velocity  of  a  wave  propagating  in  the  a-dlrection  and  polarized 
in  the  x-direction. 
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n  dielectric  sample  such  as  quartz  primarily  interacts  with  the  electrons 

and  the  electrons  In  turn  interact  with  the  iattice.  Under  some  conditions 

the  incident  radiation  can  also  inteiaet  directly  with  the  lattice  through 
18 

el»ctrostr iotion.  For  either  the  direct  or  indirect  radiation-lattice 

interaction,  the  ions  will  be  set  in  motion  witn  a  given  amplitude.  The 

magnitude  of  the  amplitude  will  depend  on  the  amount  of  energy  pumped 

into  the  lattice  from  the  incident  field.  For  proper  input  conditions 

the  amplitude  of  the  ionic  motion  may  reach  a  threshold  value  at  which 

the  ionic  bonds  are  broken  resulting  in  the  observed  internal  damage. 

The  increase  in  the  amplitude  of  the  ionic  vibrations  in  the  crystal  due 

to  the  amplification  of  acoustic  phonon  motions  depends  directly  on 

crystal lographic  direction  ar.d  roc  or.  the  2aser  mode  structure.  The 

internal  damage  patterns  would,  therefore,  be  expected  to  depend  on  the 

direction  of  propagation  and  not  on  the  type  of  laser  used.  Figure  6 

shows  typical  damage  patterns  produced  by  the  MM  lasers.  When  the  laser 

was  propagating  along  either  x-  or  y-erystailographic  direction,  a  cross 

was  observed  in  the  d enrage  cross-section  as  shown  in  Fig.  6a.  A  circular 

damaged  cxoss-section  is  seen  in  Fig.  6b  when  the  laser  is  fired  into  the 

z-direction  of  the  crystal.  The  damage  patterns  in  both  cases  can  be 

19 

correlated  with  the  direi  ional  dependence  of  sound  velocities.  The 
damage  patterns  produced  by  the  TEM^  laser  have  similar  directional 
dependence  with  fracture  patterns  about  ten  times  smaller. 

The  difference  in  dzssage  thresholds  in  the  two  lasers  may  be 
explained  as  follows.  The  temporal  ar.d  spatial  variation  of  the  TEH 
laser  field  is  smooth.  This  type  of  light  pulse  interacts  primarily  with 
the  electrons.  The  efficiency  of  this  interaction  is  quite  independent 
of  crystallographic  direction  for  insulators  such  as  quartz,  and  thus 
the  damage  threshold  value  would  be  independent  of  the  propagation  at.d 
polarization  directions  of  the  incident  laser  pulse  as  given  in  Table  i. 

The  strong  spatial  and  temporal  gradients  present  in  the  output  profiles 
for  the  HM  laser  on  the  other  hand  can  modulate  the  ionic  motion  by 
electrostrictive  interaction.  This  modulation  has  components  in  the  same 
frequency  and  wave  vector  range  as  the  zone-center  acoustic  phonons  of 
the  crystal  and  as  a  result  laser  energy  may  also  be  absorbed  directly  and 
critically  by  the  lattice  from  the  Incident  pulse.  Because  the  excitation 
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of  the  acoustic  wave  in  this  case  results  directly  from  the  strong  spatial 
and  temporal  Intensity  gradients  of  the  propagating  MM  iaser  pulse.  Its 
propagation  and  polarization  is  dictated  by  the  laser  beam-  As  the  ionic 
notion  depends  on  the  crystallograpnic  bonding  directions,  the  efficiency 
of  this  interaction  and  the  MM  laser  damage  threshold  values  would  be 
dependent  on  crystallographic  directions  (Table  I).  The  existence  of 
electrostrictive  interactions  may  also  cause  self-focusing  of  the  laser 
beam  in  solids.  It  should  be  noted  that  self-focusing  requires  a  critical 
beam  intensity  and  the  direct  coupling  between  the  radiation  and  the  acoustic 
wave  in  our  model  depends  only  on  the  strong  intensity  gradients  of  the  MM 
laser  pulse.  It  can  be  estimated13  that  uur  laser  intensity  was  below 
the  critical  value  for  catastrophic  self-focusing  but  the  intensity  gradient 
for  the  MM  laser  was  strong  enough  to  excite  acoustic  waves  of  catastrophic 
amplitudes  resulting  in  fracture  within  the  crystal. 

The  details  of  the  effects  of  laser  mode  structure  on  damage  will 
’5 

be  published  elsewhere.  In  addition,  we  have  alsc  examined  the  surface 
damage  patterns  produced  by  the  TEM^  and  MM  lasers.  This  is  shown  in 
Fig.  7.  Contrary  to  the  internal  damage,  the  iaser  mode  structure  has 
a  pronounced  effect  or.  the  surface  damage  patterns  as  well. 


IV-  EVOLUTION  OF  MICROSCOPIC  DAMAGE 


Primary  goal  of  th*s  as  well  as  most  laser  dvJtaage  programs  had  been 

to  determine  the  origin  of  the  damage.  The  research  program  described 

here  attempted  to  determine  the  conditions  under  which  the  macroscopic 

damage  could  evolve  from  the  microscopic  damage.  Tre®  the  experiment 

described  in  Section  II  it  was  concluded  that  if  a  memory  of  microscopic 

damage  existed  in  crystalline  quartz,  it  would  have  a  short  lifetime. 

To  pursue  the  memory  and  evolution  ideas  further  the  follow, ng  experiments 

were  performed.  (Ix  The  incident  and  transmitted  radiation  were  monitored 

tot  a  laser  pulse  with  peak  power  80*  of  the  macroscopic  threshold  value. 

Both  the  multimode  and  TEM  laser  were  used  for  this  experiment.  (2)  The 

oo 

incident  and  90*  scattered  radiation  were  aooitored.  For  this  experiment 
onlv  the  TEH  laser  was  used,  but  samples  of  crystalline  quartz,  fused 
silica,  and  Hd-laser  glass  vere  used. 
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For  the  transmission  experiment,  the  incident  and  transmitted  pulses 
were  recorded  by  a  single  photodiode  (FW114)  and  oscilloscope  iTektronix 
519).  The  incident  pulse  was  optically  or  electrically  delayed  relative 
to  the  ocher  pulse,  thus  permitting  the  two  pulses  to  appear  on  a  single 
oscilloscope  trace.  For  this  experiment  the  optical  and  electrical 
delay  schemes  gave  equivalent  results.  Large  fluctuations  were  observed 
in  the  ratio  of  the  transmitted  to  incident  power  usi  lg  the  multimode 
laser.  These  fluctuations  were  due  to  the  complex  mode  structure  and  poor 
reproducibility  of  the  laser  pulse. *  using  the  laser,  the  fluctuations 

in  the  data  were  negligible.  Shown  in  Fig.  8  is  the  ratio  of  the  transmitted 
energy  (i.e.  the  ares  under  the  pulse)  to  the  incident  energy  plotted  as  a 
function  of  the  number  of  laser  pulses  incident  in  a  particular  sample 
volume.  The  TEM^  laser  pulses  corresponding  to  these  data  were  each 
at  about  80%  of  the  macroscopic  damage  threshold  value.  The  solid  line  in 
the  figure  is  a  least-squares  fit  of  the  data  points  to  a  sloping  straight 
lino.  The  data  were  also  fitted  to  a  constant  value  but  the  resulting 
"confidence  of  fit"  was  appreciably  greater  for  the  line  shown.  Second 
and  third  order  polynomials  were  also  fitted  to  the  data  but  the  confidence 
was  about  the  samu  as  for  the  sloping  straight  line.  The  large  ratio  value 
for  pulse  number  13  is  probably  due  to  a  malfunction  of  the  laser.  For 
those  places  where  no  data  are  given,  the  oscilloscope  did  not  function 
properly  so  that  no  traces  were  recorded.  The  error  bar  shown  in  the 
figure  was  determined  from  the  reproducibility  of  reading  the  areas 
under  the  oscilloscope  traces. 

From  the  decrease  in  the  energy  ratios  of  Fig.  8  it  is  concluded 
that  a  cumulative  effect  of  microscopic  damage  vas  observed.  The  evolution 
of  macroscopic  effects  from  these  microscopic  effects  was  not  observed 
before  the  determination  of  the  experiment  (20  laser  pulses). 

The  data  of  Fig.  8  were  also  analyzed  ay  searching  for  nonlinearities 
in  the  instantaneous  powers  of  the  incident  and  transmitted  beams  for  a 
given  laser  pulse.  Shown  in  Fig.  9  Is  a  typical  plot  of  the  instantaneous 
incident  power,  P^,  as  a  function  of  the  corresponding  transmitted 
power.  Pj.,  for  a  typical  data  point  of  Fig.  S.  The  solid  curve  represents 
a  least-squares  fit  of  the  data  points  to  a  quadratic  curve.  The  confidence 


of  this  fit  was  better  than  for  a  straight  line  fit.  This  quadratic 
dependence  would  indicate  that  during  the  lifetime  of  the  laser  pulse  a 
slight  nonlinearity,  perhaps  due  to  a  change  in  the  refractive  index  of 
the  sample,  had  been  introduced  by  the  incident  laser.  No  data  were  avail¬ 
able  where  macroscopic  damage  was  produced. 

For  the  90®  scattering  experiment  it  was  theorized  that,  if  cumulative 
effects  were  present,  the  scattered  light,  starting  from  a  very  low  level, 
should  increase  by  a  small  amount  with  each  successive  laser  pulse  and 
would  be  expected  to  increase  suddenly  when  catastrophic  damage  was  produced. 
This  sudden  change  in  the  amount  of  scattered  light  would  thus  be  evidence 
of  the  evolution  of  microscopic  into  macroscopic  damage.  To  test  this 
hypothesis,  the  TEM ^  laser  was  used  tn  irradiate  samples  of  crystalline 
quartz,  fused  silica  and  Nd~laser  glass.  Shown  in  Figs.  10  and  11  are 
plots  of  the  ratio  of  the  scattered  to  incident  power  as  a  function  of 
the  number  of  laser  pulses  for  samples  of  crystalline  quartz  and  fused 
silica,  respectively-  The  peak  power  of  each  pulse  was  about  80*  of 
the  catastrophic  damage  threshold  value.  For  both  samples,  changes  in  the 
90"  scattered  light  are  inconclusive.  For  the  Nd-laser  glass  samples, 
the  scattered  light  was  not  detected  because  of  the  large  absorption  in 
the  glass.  For  each  sample,  measurements  were  made  of  the  90*  scattered 
radiation  for  each  successive  laser  pulse  until  the  sample  developed 
catastrophic  damage.  Within  the  accuracy  of  Figs.  10  and  11  evidence  of 
microscopic  damage  is  inconclusive.  This  type  of  experiment  is  apparently 
less  sensitive  than  the  forward  scattering  experiment. 


V.  SUMMARY  AND  DISCUSSION 

An  important  conclusion  of  this  research  is  that  the  mechanism 
governing  the  onset  of  laser-produced  damage  in  solids  depends,  in  a 
critical  way,  on  the  spatial  and/or  temporal  gradient  of  the  interaction 
strength  across  the  focal  volume.  Differences  in  mactoscopic  damage 

threshold  were  measured  for  the  TEM  and  the  multimode  laser.  Due  to 

oo 

the  strong  spatial  and  temporal  gradients  cf  the  multimode  laser  beam,  the 
electrostrictive  interaction  provides  a  direct  way  of  feeding  energy  to  the 


^ . .  JDiillhiMiiiUdlWUIdliiHUdiUfl^^  . .  . I, . . .  . jii|ii^bj|iili 


Fig.  10,  The  ratio  of  the  9Q°  scattered  power  to  incident  power  vs.  pre-damage 
shot  number  for  crystalline  quartz. 
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acoustic  phonons  in  the  crystal  and  thus  resulting  in  a  directional 
dependent  threshold  values.  For  the  TEMQf;  laser,  the  incident  radiation 
can  only  interact  with  electrons,  and  unless  catastrophic  damage  occurs, 
phonons  in  the  crystal  will  not  be  significantly  perturbed,  thus  accounting 
for  not  observing  changes  in  Raman  line  position  or  linewldth  in  micro¬ 
scopically  damaged  quartz.  For  one  experiment  the  cumulative  effects  of 
microscopic  were  observed  in  crystalline  quartz.  Other  experiments 

designed  to  detect  cumulative  effects  were  net  affirmative  indicating  that 
these  measurements  were  not  as  sensitive  as  first  assumed. 

The  technique  of  light  scattering  as  a  diagnostic  cool  for  laser 
induced  microscopic  damage  can  be  effective  if  used  under  proper  conditions. 
To  be  completely  successful  it  is  necessary  to  differentiate  laser-induced 
effects  from  normal  light  scattering  effects.  The  results  of  this  research 
program  indicate  that  light  scattering  measurements  can  provide  information 
about  damage  and  may  be  the  only  tool  to  diagnose  the  true  mechanism  for 
laser- induced  damage  in  solids.  Further  investigations  on  the  differences 
between  amorphous  and  crystalline  materials,  such  as  quartz  and  fused 
quar'z  samples,  in  terms  of  laser  produced  damage  should  be  continued. 
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The  mechanism  governing  the  onset  of  laser-produced  damage  in 
solids  was  found  to  depend,  in  a  critical  way,  on  the  spatial  and/ 
or  temporal  gradient  of  the  interaction  strength  across  the  focal 
volume.  As  a  result,  the  threshold  values  of  damage  produced  by 
a  multimode  laser  as  well  as  the  internal  damage  patterns  depend 
strongly  on  the  laser  propagation  and  polar nation  direr* ions. 

In  the  forward  scattering  experiment,  the  cumulative  effects 
of  microscopic  damage  were  observed  in  crystalline  quartz.  Other 
experiments  designed  to  detect  cumulative  effects  were  inconclusive 
Various  llgLt  scattering  spectroscopy  as  a  diagnostic  tool  fer 
laser-produced  damage  studies  were  investigated. 
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